Hartanto Wong, Joakim Wikner, M M Naim. Analysis of form postponement based on optimal positioning of the differentiation point and stocking decisions. International Journal of Production Research, Taylor & Francis, 2008, 47 (05) Abstract: In this paper we analyse the use of form postponement based on the positioning of differentiation point and stocking policy. Six classes of manufacturing configurations are identified based on the choice of whether or not form postponement is employed and the decision regarding the stocking policy for the final product configurations as well as for the generic component. Analytical evaluation methods based on queuing models are used to assess operational measures for each class of configuration and solution algorithms are developed to determine the optimal positioning of differentiation point and the optimal stocking levels. This allows us to compare the relative merits of all manufacturing configurations based on their respective best performances. The results of numerical experiment show how different operational parameters may influence the choice of optimal configuration, the preference of early or late postponement, and the relative cost savings obtained from employing form postponement.
Introduction
It can be argued that the increasing pressure to become more and more customer-centric has forced manufacturing firms to continuously revise their supply chain structures so that they are able to provide an ever more valuable service to customers while at the same time cut delivery times and operating costs.
This has led to an increasingly fast growing attention paid to the new manufacturing paradigm called mass customization replacing the conventional mass production which is no longer suitable for today's competitive environment. Mass customization allows customers to get tailor-made products reflecting their personal preference of styles, features, and colours with reasonable prices. For more than two decades mass customization has been perceived as the future of manufacturing and for some manufacturers it probably always will be (Agrawal, 2001 ).
An important concept used to accommodate mass customization that has been increasingly drawing attention from researchers and practitioners in recent years is postponement which has also been termed as delayed product differentiation or late customization. Postponement represents a way to implement F o r P e e r R e v i e w O n l y 2 mass customization without incurring large operating costs associated with managing proliferating product variety. This is done by properly designing the product structure and the manufacturing and supply chain process so that one can delay the point in which the final customization of the product is to be configured (Swaminathan and Lee, 2003) .
There is a large body of literature on postponement. We refer the readers to van Hoek (2001), Swaminathan and Lee (2003) , and Yang and Burns (2003) for a comprehensive review of research on postponement. The concept of postponement was actually introduced in the literature by Alderson (1950) as a means of reducing marketing costs. He believed that risks related to marketing operations could be by Zinn and Bowersox (1988) . They identified four generic strategies by combining manufacturing and logistics postponement and speculation. These include: the full speculation strategy, the logistics postponement strategy, the manufacturing postponement strategy, and the full postponement strategy.
Despite their differences, all the conceptual classifications discussed above actually employ a common concept. That is, all agree in referring postponement to the delaying of certain operations related to either manufacturing or logistics until customer orders are received. In the case of form postponement for example, such a concept suggests that the final differentiation process would be performed in a make-toorder fashion. Ideally, this concept would maximise the profits of form postponement as it omits the inventory of the final products. However, it is obvious that in reality it may not always be possible to employ such a postponement strategy especially in the highly responsive environments where the tolerance time that the customer is willing to wait is quite short. In such environments it may be necessary to produce the final products in a make-to-stock fashion. A classic example of form postponement application in which finished-goods inventory for each distinct product are held at the product's (Lee et al., 1993; Feitzinger and Lee, 1997) . The company opted to customise the printers at its local distribution centres rather than at its factories. For example, instead of customising the DeskJet at its factory in Singapore before shipping them to Europe, HP has its European distribution centre near Stuttgart, Germany to perform this job. The distribution centre not only customises the product but also purchases the materials that differentiate it (power supplies, packaging, and manuals). Even though the localisation of the printers is postponed, the distribution centres still produced the localised printers in a make-to-stock fashion.
From that perspective, we argue that the concept referring postponement to the delaying of activities until customer orders are received does not always represent the best course of action. This motivated us to undertake this study looking at a more complete set of manufacturing configurations related to the implementation of postponement strategy. In particular, our primary focus is on the evaluation of form postponement in which we explicitly consider two inter-related decisions that need to be made. The first decision is dealing with the positioning of differentiation point (DP), which is the point where the final configuration of the product is to be processed. The second decision is dealing with the stocking policy for each final product as well as for the generic component. We may also relate the second decision with the so called Order Penetration Point (OPP) (Sharman, 1984) . This is the stage in the manufacturing value chain where a particular product is linked to a specific customer order. Different manufacturing environments such as make-to-stock (MTS), make-to-order (MTO) and assemble-to-order (ATO) all relate to the different positions of the OPP.
While there are a significant number of papers in the existing literature, we are not aware of any previous work that systematically investigates postponement structures that involve and inter-relate these two types of decision. Clearly, such a study would be valuable to extend the understanding of how postponement should be implemented. It is our objective to make a contribution to this important line of inquiry. More specifically, the main goal of this research is to investigate different possible manufacturing configurations that are characterised based on the positioning of the differentiation point and stocking policy. We consider a stochastic capacitated production system as it is our interest to explicitly model the congestion effect on the system performance. We developed algorithms for determining the optimal DP and stocking policy allowing us to compare configurations based on their respective best performance.
We identify six different manufacturing configurations as presented in Fig.1 end products are processed and customised through a single-stage production. The DP position for this system can be considered being located in the beginning of the production process. This single-stage system is represented in the first two configurations (Figs 1a and 1b) . These two configurations differ from each other with respect to the stocking policy employed. The first configuration depicted in Fig. 1a (MTS-1) produces the products in a MTS fashion. That is, products are produced ahead of demand and kept in stock. The OPP for this configuration is positioned at the right. In contrast, the second configuration in Fig. 1b (MTO-1) produces the products in a MTO fashion with the OPP being positioned at the left. From the modelling perspective, the MTO configuration can be seen as a special case of the MTS configuration with zero stock levels for all products.
The second system employing form postponement consists of two stages. Stage 1 produces the generic components and Stage 2 differentiates the final products. The DP in this system is located in the beginning of the second stage. The next four configurations represent the four variants of the two-stage system and they are different with respect to the stocking policy employed for the generic component and for the final products. As stated earlier, the system described by most of the existing conceptual studies in the postponement literature could be referred to the configuration shown in Fig. 1d in which the system stocks the generic component but the differentiation process is delayed until a customer order has been received. As the DP position, the OPP for this configuration is also positioned in the middle. This configuration can be seen as an assemble-to-order (ATO) system. Notice, however, that the ATO system here simply represents a system with an internal OPP and does not necessarily represent assembly operations. Alternatively, the MTS-2 configuration ( Fig. 1c) with the OPP being positioned at the right should also be taken into account when looking for the best configuration. This configuration would be attractive in the situations where the system is required to be highly responsive so that it is no longer possible to process Stage 2 after receiving the order.
The next variant of the two-stage system is the MTS-3 system (Fig. 1e) . Note that this configuration has the same OPP position as the MTS-2 configuration, which means that both are forecast driven. While in the MTS-2 configuration both the generic component and end products are made to stock, the MTS-3 configuration avoids keeping stock of a subassembly by producing the generic components in exactly the quantities required by the forecast of the end products. We show later in Section 5 that this configuration is particularly attractive when the product's value increases significantly at the beginning stages of production. The last variant is the MTO-2 configuration (Fig. 1f ) in which no inventory is held for both the generic component and the finished products. This configuration is order driven and its OPP is positioned at the left. 
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Several previous studies present analytical models measuring the costs and benefits of employing form postponement including e.g. Lee and Tang (1997) , Garg and Tang (1997) , Swaminathan and Tayur (1998) , and Federgruen (2001a and 2001b) . In general, these models are different from ours in two respects. Firstly, these models do not explicitly contrast different postponement structures with respect to the decisions on the DP positioning and stocking policy for both the generic component and the final products as we do in this paper. Secondly, these models ignore the effect of congestion at the production facility while we explicitly model the queuing effect as a result of considering a capacitated production facility.
Analytical models related to the decision of manufacturing products in a MTS or MTO fashion are presented in e.g. Federgruen and Katalan (1995) , Arreola-Risa and DeCroix (1998), and Rajagopalan (2002) . Different from our work, they all studied the choice of MTS or MTO in a rather simple manufacturing system without considering any postponement structure. Conceptual models concerning different factors affecting the positioning of OPP were studied by e.g. Rudberg and Wikner (2004) and all the references therein.
There are two papers addressing problems more closely related to ours. Gupta and Benjaafar (2004) consider the capacitated production system and model the system employing form postponement as a two-stage system where a common product platform is produced in a MTS fashion in the first stage which is differentiated into different products in the second stage in a MTO fashion. Our work is different in that we allow a richer set of manufacturing configurations to be compared and systematically investigate postponement structures that inter-relate the DP and OPP positioning decisions. Su et al. (2005) compare two specific configurations. In the first configuration products are produced after orders arrive (MTO mode). The second configuration represents the system employing form postponement. Different from Gupta and Benjaafar, they examine the system where the second stage produces differentiated products in an MTS fashion instead of an MTO fashion. Our work differs from theirs in two ways. Firstly, as also compared to Gupta and Benjaafar, our model allows a richer set of configurations. Secondly, they do not deal with the optimization problem as we do in this paper. Their numerical results are therefore not based on the best policy within each configuration. The rest of the paper is organised as follows. In Section 2, we describe the system's operation under study.
We introduce the notation and some assumptions used in the model. In Section 3 we present the models used to assess all the relevant performance measures for all the system configurations. Section 4 presents the optimization problem formulations and the corresponding solution algorithms. In Section 5 we present and discuss our numerical findings. Finally, we summarise the results in Section 6 and conclude with directions for further research.
Problem description and notation
Consider a manufacturing firm that supplies a product family consisting of N different product 
For the single-stage system not employing form postponement, we assume that the total production lead times for all products are i.i.d. random variables and exponentially distributed with rate 1/µ. This helps to keep the analysis simple and represents the practical worst case for benchmarking production system performance [24] . For the two-stage system employing form postponement, the processing rates for Stage 1 and Stage 2 are defined as µ 1 and µ 2 respectively. We assume that 1/µ 1 +1/µ 2 =1/µ and this applies to all products. For both systems there is a limited production capacity and the manufacturer processes items one-by-one using a single resource. To represent the position of DP, we define p (0≤p<1) as the fraction of the mean total processing time consumed by the generic component. Thus, we may write µ µ
Small p values represent early form postponement while large values represent late form postponement. Note that the single-stage system can actually be seen as a special case of the two-stage system with p being set to zero. But in our analysis we treat the two systems differently since it is our aim to assess the benefits of introducing form postponement by contrasting the merits of the two systems and moreover, the models used to analyse the two systems are also different.
Further, because all products belong to the same product family, changeover times between products are assumed to be negligible.
We assume that a base-stock policy is used for the inventory control. Under this assumption, while in the single-stage system each demand triggers a manufacturing order of the requested product, in the twostage system each demand triggers a manufacturing order of the requested product at Stage 2 and at the assume that all end products have the same holding cost and that the holding cost is the same for both the single-stage system and the two-stage system.
To enable form postponement in the two-stage system, there may be a premium cost associated with the investment required for redesigning the product and/or the manufacturing processes. Lee and Tang (1997) observed three basic approaches that companies have used for the form postponement including standardisation, modular design, and process restructuring. The reader is also referred to Lee et al. (1993) for a detailed discussion on various cost drivers associated with form postponement. In our model we denote r as the amortised premium cost per period.
Further, for each product i, there is a maximum level
given for the expected order waiting time. In this paper we consider a service model rather than a cost model. In a service model, the objective is to minimize the total system cost subject to a set of service level constraints. In our case, the service level constraints are represented by the maximum expected waiting time constraints. Alternatively, one may also consider a cost model in which the service constraints are replaced with the penalty (backorder) cost.
As quantifying the backorder cost is often difficult in real practice, we choose to use the service model.
Van Houtum and Zijm (2000) present a systematic overview of possible relations between the cost and the service model for general inventory systems. We assume that all products have identical target waiting times so that it is reasonable to serve all demands in a FCFS basis. 
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The optimization problem we deal with is to determine the best system configuration that minimises the expected total cost subject to the maximum expected waiting time constraints for all the products. For the system with no form postponement, we need to decide on the stocking policy ) ,..., , ( 
Evaluation models
In this section we present the models used to assess all the necessary performance measures for all the system configurations. The performance measures required for optimization purposes include: 0 I , the expected on-hand inventory level for the generic component (for the system with form postponement); i I , the expected on-hand inventory level for product i (i =1,…, N); and i W , the expected order waiting time
The single-stage system
The single-stage system can be considered as a multi-class, single server base-stock system in which the production system can be modelled as an M/M/1 queuing system. An MTO system can be seen as a special case of an MTS system with 0 = i S for all i. Determining the performance measures in the MTO configuration is quite straightforward. Since the stock levels are zero, the expected on-hand inventory levels are zero for all products, i.e. 0 = i I for all i. By treating the system as a basic M/M/1 queuing system with arrival rate 0 λ and service rate µ , it can be shown that the expected waiting times for all the products are identical and can be expressed as 
Using a birth-death process, the steady state probability that there are k aggregate outstanding orders, . Following from (2), the steady state probability that there are j outstanding orders of product i,
Given the base stock level is i S , the expected on hand inventory level for product i is
and the expected backorder level for product i is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 . Compared to the single-stage system, the evaluation for the two-stage system considering form postponement is more difficult. We use an approximation scheme developed by Lee and Zipkin (1992) 
The expected on-hand inventory level for the generic component is given by
Stage 2 can be treated as a multi-class single server base stock system like in the single-stage system. The expected waiting time in Stage 2, ) , (
which is dependent on p and i S can be obtained in a similar way using (1)-(6) with µ being replaced by 2 µ . Thus, the expected waiting time for product i is 
Optimization
In this section we first present the formulation of the optimization problems for the single-stage system and the two-stage system and describe the solution algorithm to determine the optimal policy. Then we summarise the procedure to determine the best manufacturing configuration From (4) and (6), it is obvious that the choice of base-stock level for product i does not affect the performance measures for all the other products. Thus, Problem (P1) can be decomposed into N singleproduct sub-problems and the i-th sub-problem is to minimise )
The single-stage system
(1)-(6), it is easy to see that )
increases as i S increases. This implies that the optimal base-stock level for product i,
S , is the minimum i S that meets the constraint max ) (
This also means that if the MTO-1 configuration is able to meet the average waiting time constraints, it immediately becomes the best configuration since this system has a zero total cost. .
Recall that in this system we need to include the premium cost of form postponement in addition to the inventory holding cost. We formulate the optimization problem as follows:
Problem (P2):
0<p<1; S 0 and S i non-negative integers.
Since r is a constant, it can be removed when solving Problem (P2). However, it must be included when making the total cost comparison between the two-stage system and the single-stage system. Problem (P2) can be solved by applying a three-step method. The first step has the objective of determining the optimal stock level i S given p and 0 S are fixed. In the second step we need to determine the optimal 0 S (and i S ) given p is fixed. Finally, the third step optimises p. We developed an optimization algorithm based on the following observations.
Observation 1: Given p and 0 S are fixed, problem (P2) can be decomposed into N independent singleproduct sub-problems.
Proof: From (7) to (9) (ii) Since ) ( ) 1 ( 
Selecting the best configuration
Having solved the optimization problems for the single-stage and two-stage systems for a given set of parameters, we now are able to determine the best configuration. For this purpose we need to compare the optimal solutions obtained for the single-stage and for the two-stage system and choose the one with the least cost. The choice of the best configuration: MTS-1 or MTO-1 for the single-stage system or MTS-2, ATO, MTS-3 and MTO-2 for the two-stage system is then made by looking at the optimal stocking policy.
Numerical experiment
In this section we present and discuss our numerical findings. Our main inquiry will focus on how different system parameters may influence the decisions regarding the DP positioning and stocking policy.
Our experiment involved extensive data sets with a total of 7200 problem instances being tested. Table 1 presents all the parameter values used in the experiment. We fixed the aggregate demand rate ( 40 0 = λ ) in this experiment. Ten values were used for the number of product configurations to see the effect of product proliferation. 12 values of µ were used that represent different utilisation rates of the production capacity. To study how the system's behaviour affected by the service level requirements, 20 levels were used for the maximum level of the expected order waiting time. In this experiment we assume that all products have the same target average waiting time. While we fixed the unit inventory holding cost at representing the situation where the product's value increases with a diminishing rate. The three functions are depicted in Fig. 3 . The parameter values described above do not represent any specific industrial case but are selected such that we are able to obtain some general insights from the experiment. Notice, for example, that how the system performance is influenced by the demand and production rates is actually dependent upon the ratio rather than exact values of the parameters. In this experiment we include situations ranging from a highly With regards to the premium cost of form postponement, in this experiment we used the base case in which r = 0. As we are particularly interested in evaluating the relative merits of the single-stage system as opposed to the two-stage system for which r is an important factor, we introduce the use of the threshold premium r * , under which the optimal total cost of the single-stage system is equal to the optimal total cost of the two-stage system. Employing form postponement would only be attractive if the actual amortised premium cost does not exceed the threshold value, i.e. * r r < . Suppose we obtain an optimal total cost ) ( 
The above measure also represents the relative cost savings obtained by introducing form postponement under the assumption of zero premium cost. For each of the problem instances, we applied the algorithms described in Section 4 to determine the optimal configuration. The observations of interest include the interdependencies of some input parameters: the number of products N, the production rate µ, the target average waiting time 
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The effect on the average optimal total cost
Figs. 4 and 5 illustrate how the average optimal total cost is affected by different input parameters. Fig. 4 depicts the average total cost as a function of the number of products and the production rate while As expected the average total cost decreases as the target average waiting time and the production rate increase. This is reasonable as the required stock level would be lower in both situations. The two figures also show that the average total cost tends to increase with the number of products particularly when the target waiting times or production rates are low. When max i W and µ are low, the results show that the MTS-2 configuration is dominant. Although increasing N results in a lower demand rate for each product configuration, the total stock across all products is most likely larger due to the requirement that i S must be an integer. This explains why the average total cost is increasing. The effect of N is not shown when the target average waiting time and production rate are high. This is due to the fact that when both max i W and µ are sufficiently large, holding any stock may not be required, i.e. the MTO-2 or the MTO-1 configuration becomes optimal. Since 0 = i S for both configurations and the aggregate demand rate is constant, the total cost remains unchanged by increasing N. Fig. 6 depicts the overall average of total cost as a function of N for each of the three h 0 (p) functions. The figure shows that the overall average total cost is increasing in N and this can be seen as a resultant of the increasing behaviour observed for the situations with low production rates and/or target waiting times and the non-increasing behaviour for the situations with high production rates and/or target waiting times. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 , increasing the target waiting time may result in a lower optimal stock level but may require a higher p * to keep the system responsive. The decreasing of the average p * is due to several reasons. As already mentioned earlier, the very loose waiting time constraints and the high production rate would allow the MTO-1 configuration to be optimal. Consequently, since p = 0 for this configuration, the overall average p * will drop. For the problem instances where the ATO configuration is optimal, increasing the production rate and the target waiting time also contribute to the reduced p * because it would be beneficial to move the postponement point earlier to save the inventory holding cost of the generic component. In Fig. 9 we plot the average p * as a function of N for each of the three h 0 (p) functions.
The results show that while there is no significant difference between the linear function and the convex function, the average p * is higher for the concave function. This observation reveals the potential of considering a late form postponement in the environments where a significant added value is made at the early stage of the production process. In such environments it is possible to make the system become more responsive by having a late form postponement while at the same time taking the advantage of insignificant holding cost increase. In contrast, we do not observe opposite results that motivate earlier postponement when the inventory holding cost follows a convex function. The reason for this could be that applying an early postponement would cause the violation of the service level requirement even though the inventory cost could be reduced. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 This is reasonable as the system with form postponement benefits from the risk-pooling effect resulted from holding the inventory of the generic component. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 there are more product configurations, the frequency of the ATO configuration becomes higher and on the contrary, the frequency of the MTS-2 configuration becomes lower. This is mainly due to the fact that increasing the number of product configurations results in a lower demand rate for each individual product configuration and in higher pooling benefits realised from stocking the generic component thereby allowing more possibilities to employ a MTO mode in the second stage. (.008 in Figure 15 ), the MTO-2 configuration starts becoming a possible optimal configuration and its frequency is constant as the target average waiting time increases. It is also shown that, from 012 . 0
onwards, the MTO-1 configuration appears to be a possible optimal configuration and is increasingly dominating the MTS-2 and the ATO configuration as the target average waiting time increases.
The effect of production rate on the optimal configuration distribution is shown in Fig. 16 (200 problem instances are associated with each value of µ). The figure shows that for very low production rate values (µ≤60) only the MTS-2, ATO and MTO-2 appear as possible optimal configurations. The MTO-1 configuration becomes feasible when the production rates are higher (µ>60). What is obvious from this figure is that the frequency of the MTS-2 configuration is decreasing with the production rate except for the four highest production rate values (µ=130, 140, 150 and 160) where the MTS-2 configuration is optimal only for one problem instance with N=1 and max i W = .002. It can be shown that only when the production rate is higher (µ≥170), the optimal configuration for that particular problem instance is shifted from MTS-2 to ATO. There is no obvious pattern observed on how the frequency of the MTO-2 configuration is affected by changing the production rate. However it is clear that increasing the production rate may create possibilities of shifting the optimal configuration from ATO to MTO-2 as well as from MTO-2 to MTO-1. Table 2 .
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The total frequency of the MTO-1 and MTO-2 configurations are equal for the three functions. An interesting observation is the appearance of the MTS-1 and MTS-3 configurations for the problem instances with the concave holding cost function while both configurations are always sub-optimal for the other two functions. This reveals that when the holding costs of the generic component and the final products do not differ much (as with the concave function), it could be beneficial to stock only the finished products. On the contrary, when the holding cost increases rapidly only at the end-phase of production process it would be more favourable to stock the generic component rather than the final product configurations. This is indicated in Table 2 where the highest frequency of the ATO configuration is found for the problem instances with the convex holding cost function.
Conclusions and directions for further research
In this paper we evaluate postponement structures characterised by the positioning of differentiation point and stocking policy. Six classes of manufacturing configurations are identified based on the choice whether or not form postponement is employed and the decision regarding the stocking policy for the final product configurations as well as for the generic component. We developed analytical evaluation methods based on queuing models to assess operational measures for each class of configuration. We developed solution procedures to determine optimal stocking levels and differentiation points minimising the expected total cost that may consist of the inventory holding cost and the amortised cost associated with the employment of form postponement subject to the requirement that the average order response time for each product does not exceed a predetermined threshold level. This allows us to evaluate the relative merits of all manufacturing configurations based on their respective best performances.
The results of our numerical experiment show how different system parameters including the number of product configurations, the production capacity, the maximum order response time and the unit holding cost progression function may affect the preference of a certain class of manufacturing configuration. Our numerical study also reveals important information regarding the choice of early or late differentiation point. It is shown that the high production rates and target waiting times offer the possibility to save the inventory cost of the generic component which contributes to the preference of early differentiation point.
Furthermore, the benefits of employing form postponement in terms of relative cost savings are also 
Appendix
The formal algorithms for solving the optimization problems are as follows.
A. The single-stage system
For each product i = 1, 2, …, N do:
Step 1: Set the initial solution
Step 2: Calculate
Step 3. Otherwise stop,
Step 3 
B. The two-stage system
Step 1: Choose an increment factor δ , set δ
Step 2: Determine 
END
Algorithm Opt-B1
Given that p and 0 S are fixed, for each product i = 1, 2, …, N do the following.
Step 2 
END
Algorithm Opt-B2
Given that p is fixed.
Step 1: Set
Step 4. Otherwise continue.
Step 3: Set 1 0 0
+ = S S
; go to Step 2.
Step 4: For each i, obtain ) , ( 0 * S p S i using the algorithm Opt-B1.
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